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Abstract 
The integration of open hole well log analyses, core analyses and pressure transient analyses was used for reservoir 
characterization of the Mt. Simon sandstone.  Characterization of the injection interval provides the basis for a geologic model to 
support the baseline MVA model, specify pressure design requirements of surface equipment, develop completion strategies, 
estimate injection rates, and project the CO2 plume distribution.  
The Cambrian-age Mt. Simon Sandstone overlies the Precambrian granite basement of the Illinois Basin. The Mt. Simon is 
relatively thick formation exceeding 800 meters in some areas of the Illinois Basin.  In the deeper part of the basin where 
sequestration is likely to occur at depths exceeding 1000 m, horizontal core permeability ranges from less than 1 × 10-12 cm2 to 
greater than 1 × 10-8 cm2. Well log and core porosity can be up to 30% in the basal Mt. Simon reservoir.   
For modeling purposes, reservoir characterization includes absolute horizontal and vertical permeability, effective porosity, 
net and gross thickness, and depth.  For horizontal permeability, log porosity was correlated with core.  The core porosity-
permeability correlation was improved by using grain size as an indication of pore throat size. After numerous attempts to 
identify an appropriate log signature, the calculated cementation exponent from Archie’s porosity and resistivity relationships
was used to identify which porosity-permeability correlation to apply and a permeability log was made. 
Due to the relatively large thickness of the Mt. Simon, vertical permeability is an important attribute to understand the 
distribution of CO2 when the injection interval is in the lower part of the unit.  Only core analyses and specifically designed 
pressure transient tests can yield vertical permeability.  Many reservoir flow models show that 500-800 m from the injection well 
most of the CO2 migrates upward depending on the magnitude of the vertical permeability and CO2 injection rate (CO2 velocity).  
Assigning a specific value of vertical permeability to model cells is dependent on the vertical height of the model cell.  Measured 
vertical permeability on core is scale dependent, such that lower vertical permeability is expected over longer core lengths 
compared to smaller lengths. Consequently, a series of vertical permeability tests were conducted on whole core varying in 
lengths of samples from 7 cm to 30 cm that showed vertical perm could change by an order of magnitude over a 30 cm height. 
For one well, the results from a series of pressure transient tests over a perforated interval much smaller than the gross 
thickness (<2%) confirmed the core-log based geologic model for vertical and horizontal permeability.  A partial penetration 
model was used to estimate the horizontal and vertical permeability over a portion of the modeled area using series and parallel
flow averaging techniques. 
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1. Introduction 
The Midwest Geological Sequestration Consortium (MGSC) has partnered with Archer Daniels Midland 
Company (ADM) and Schlumberger Carbon Services to conduct a large-scale multiyear deployment of geological 
sequestration of 1 million metric tons (1.1 million U.S. tons) of CO2 over three years.  This large-scale injection will 
occur at the ADM plant site in Decatur, Illinois into the Mt. Simon Sandstone saline formation (depth of 2,135 
meters (7,000 feet)), one of the most significant potential carbon storage resources in the United States.  The 
geologic and reservoir characterization of the Mt. Simon provides the data for the reservoir simulation models which 
are used in the design of the surface equipment, the prediction of the CO2 plume size, and the scope and scale of the 
MVA program.  The major components of this characterization are a conceptual geologic model, net thickness, 
effective porosity, vertical and horizontal permeability.  An independent validation of the initial geologic model was 
made with a pressure transient test of a select part of the Mt. Simon.   
2. Geology  
The Cambrian-age Mt. Simon is a regionally pervasive siliciclastic unit that can range over 750 meters (2600 
feet). At the specific pilot location, the Mt. Simon is located at 1690 to 2184 meters (5545-7165 feet) below surface 
with a gross thickness of 494 meters (1620 ft). The upper 122 meters (400 feet) were deposited in a tidal-flat, 
nearshore environment as part of a braided river system.  The upper Mt. Simon reservoir is used for natural gas 
storage in northern Illinois. Except in the upper transition from Eau Claire to Mt. Simon, bedded shales are atypical 
for the Mt. Simon.  Grain sizes are very fine to coarse sand and fine gravel; a wide variation in sorting, from poorly 
to well sorted, is evident from bed to bed. From wireline log data, the average porosity for the entire Mt Simon was 
13.4%. There also is a regionally pervasive arkosic sandstone near the base of the Mt. Simon that has permeability 
that can range up to 1 × 10-8 cm2 (1 Darcy) and porosities of up to 30%. From correlating the permeability to 
porosity using core and wireline data, the mean horizontal permeability iss 2.61 × 10-10 cm2 (26.4 mD) while the 
vertical permeability is 4.76 × 10-13 cm2 (0.0482 mD). The pressure at a depth of 2147 m (7045 ft) below surface is 
2.2 × 104 kpa (3206 psig) for a pressure gradient of 10.3 kpa/m (0.455 psi/ft). 
3. Data Available  
A full suite of open hole wireline logs were acquired including: natural gamma ray, resistivity, neutron porosity, 
litho-density, full wave sonic, magnetic resonance, and elemental capture spectroscopy. 
Over 80 sidewall cores were taken at varying depths in order to best capture the changes in permeability and 
porosity with a disproportionate number of cores taken from the expected injection interval at the base of the Mt. 
Simon.  Three sections of thirty-foot whole core cores were taken. The whole core laboratory tests included routine 
measurements of porosity, horizontal and vertical permeability, as well as tests of mechanical strength, electrical 
resistivity, capillary pressure, effective permeability to gas, and traverse relaxation time (T2) measurements. 
In addition to laboratory measurements, thin sections were made from core samples to determine the petrographic 
properties of the formations of interest. Scanning electron microscope images and x-ray diffraction analysis were 
also completed on samples to aide in the process.  
Both 3D surface seismic and 3D VSP (vertical seismic profile) data were acquired at the site. These data are 
currently being processed and will be used to improve the geologic and reservoir models. 
4. Geologic Model  
The 3D VSP seismic data at the Decatur site suggests that the lower Mt. Simon arkosic zone is composed of a 
series of channel sandstones.  These channel sandstones cross cut each other and may create a baffling system that 
would slow the vertical movement of CO2.  The FMI log data shows some minor vertical fractures but no clear 
pathways for vertical migration of CO2.  Both X-ray diffraction and thin section petrography indicate that the 
mineralogy of the Mt. Simon can vary from mostly quartz rich sandstone (90% quartz) to an arkose with over 40 
percent potassium feldspar.  From wireline log data the sandstone bodies range from 3 to 30 meters (10 to 100 feet) 
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in thickness.  The width and length of these channel sandstones is not known but seismic reflection data and long 
term pressure transient tests should enable us to estimate these values. 
4.1. Structure  
The seismic reflection data acquired over the Decatur injection site shows gentle north to northwest dipping strata 
and no discernable faulting.  In the ADM CCS #1 well the top of the Mt. Simon was encountered at 1690 m (5545 
ft) measured depth.  The closest other Mt. Simon well is 28.8 km (18 miles) to the southeast and it never penetrated 
the lower Mt. Simon. 
4.2. Porosity: Effective and Total Porosity 
The compensated neutron and litho-density open-hole, porosity logs run were run in ADM CCS #1.  The neutron 
and density logs are considered total porosity sources.  Effective porosity was available from the helium porosimeter 
experiments on the core plug samples.   
A comparison was made between the neutron-density crossplot porosity (average neutron and density porosity) 
and core porosity.  These porosity sources compared well; however, there is a trend for the effective porosity to be 
slightly less than the total porosity for values greater than 20%.  Additional core and log porosity data from 
subsequent wells may confirm this trend.  With the available data, the neutron-density crossplot porosity was used 
directly for effective porosity (Table 1).  Based on porosity trends, there are seven major sub-intervals present in the 
Mt. Simon.  Table 1 has the intervals identified and the average effective porosity of each. 
Table 1:  Average effective porosity based on the neutron-density crossplot porosity.  The seven sub-intervals were selected 
based on major changes in the trend of porosity from the neutron-density logs. 
Sub-Interval, meters (feet) Effective Porosity, % 
1690-1798        (5545-5900) 10.8 
1798-1874.5     (5900-6150) 8.72 
1874.5-1960     (6150-6430) 10.1 
1960-2027        (6430-6650) 15.2 
2027-2079        (6650-6820) 21.8 
2079-2149        (6820-7050) 18.7 
2149-2184        (7050-7165) 9.84 
The 7.6-meter (25-foot), injection interval (2141-2149 meters, 7025-7050 feet) has an average effective porosity of 
23.1%.
4.3. Thickness:  Gross and Net  
Net thickness is the portion of the gross thickness that is expected to have adequate permeability for CO2
injection from a vertical wellbore.  Because open-hole porosity logs are readily available, porosity is used as proxy 
for permeability and can be correlated to a minimum permeability at which CO2 may not be injected.  Table 2 shows 
the reduction in net thickness with four different porosity cutoffs.  The gross thickness of the Mt. Simon at the 
Decatur site is 458.7 m (1505 ft).  A porosity cutoff of 8% gives a net to gross thickness ratio of 88%, and a cutoff 
of 14% gives a ratio of 38%.  This illustrates the importance of selecting the porosity cutoff and identifying the 
potential injection interval or net thickness.  A porosity cutoff of 14% reduces the net thickness by 57%, which 
dramatically affects the maximum injection rate and storage capacity of a specific site. Figure 1 shows that a 14% 
cutoff restricts injection to the lower half of the Mt. Simon.  However, if the cutoff was 14% even though injection 
would not likely be very high in the upper part of the Mt. Simon, storage may be available in this portion as a result 
of CO2 migration upward.  Depending on vertical permeability, this upper Mt. Simon reservoir may have storage 
capacity but little injectivity.   
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Table 2: Effect of porosity cutoff on net thickness for the entire Mt. Simon (1690-2149 m, 5545-7050 ft) and six 
major subintervals. 
Porosity cutoff (%) Depth Interval, m (ft) 
8 10 12 14
1690-2149 (5545-7050) 403 (1322) 307.5 (1009) 227 (744) 173.5 (69) 
hnet/htot 0.878 0.670 0.494 0.378 
1690-1798     (5545-5900) 94.5 (310) 69.8 (229) 32.0 (105) 10.4 (34) 
1798-1875     (5900-6150) 44.2  (145) 15.5 (51) 7.0 (23) 2.7 (9) 
1875-1960     (6150-6430) 75.9 (249) 36.6 (120) 10.1 (33) 3 (10) 
1960-2027     (6430-6650) 67.1 (220) 64.3 (211) 57.3 (188) 46.3 (152) 
2027-2079     (6650-6820) 51.8 (170) 51.8 (170) 51.2 (168) 50.6 (166) 
2079-2149     (6820-7050) 70.1 (230) 70.1 (230) 69.5 (228) 61 (200) 
4.4. Permeability: Horizontal and Vertical 
Sidewall rotary cores are taken after the wellbore is drilled and logged.  This allows specific intervals to be cored 
based on log signatures.  Generally, the desired cores are obtained unless there is mechanical failure of the wireline 
tool or the integrity of the core sample is poor and the sample is not drilled properly or retrieved.  Assuming a near 
vertical wellbore, generally only horizontal permeability can be derived from a sidewall rotary core.   
Whole core is taken as part of the drilling process and the depth cored is based on correlative depths from offset 
wells’ logs.  Routine core analyses can be conducted on the entire whole core or on drilled plugs from the whole 
core.  Whole core has the advantage of representing several orders of magnitude larger volume compared to sidewall 
rotary cores over the same interval, and measuring vertical and horizontal permeability.   
4.4.1. Vertical permeability 
Due to the nature of the depositional environment of sedimentary rocks compared to horizontal permeability, 
vertical permeability is highly sensitive to and dependent on the vertical size of the core sample in core analyses and 
vertical grid dimension in modeling.  Vertical permeability is needed for vertical flow, which is approximated by 
harmonic averaging (series flow).  The larger the vertical thickness used in the calculation of the vertical 
permeability, the lower the value of the harmonically averaged vertical permeability.  Consequently, vertical 
permeability is highly dependent on the thickness that a single value of vertical permeability represents.  This has a 
much more dramatic effect in depositional systems with sand-siltstone sequences.  The intercalated succession of 
sandstone and siltstone has a significant impact on reducing vertical.  
Table 3 represents vertical and horizontal permeability measured on 28 vertical and 28 horizontal core plugs from 
about 18 meters (60 ft) of whole core.  The kh and kv-arth values are the arithmetic average of the horizontal and 
vertical permeability, respectively.  The kv-arth represents the average vertical permeability of the average length of 
the vertical core samples (3.8 cm, 1.5 inches).  The kv-har values represent the entire 9.1 meters (30 ft) interval (or 18 
m (60 ft) interval in the case of the last row, “All”).  The kv/kh (3.8 cm, 1.5 in) is the arithmetic average of the ratios 
of the measured kv/kh of the two plugs representing a specific depth; while the kv/kh (9.1 m, 30 ft) is the ratio of the 
harmonic average of the vertical permeability to the arithmetic average horizontal permeability.  
The importance of this table is the relevance of the vertical dimension or scale that a single value of vertical 
permeability represents.  The vertical permeability that represents 9.1 m vertical meters (30 ft) is about 1/3 of the 
value of vertical permeability representing the plug scale of 3.8 cm (1.5 in).  With regards to kv/kh, the 3.8 cm (1.5 
in) scale is 30 times greater than the 9.1 meter (30 ft) scale for the 1952-1961 m (6404-6433 ft) interval.  Using a 
kv/kh from a single depth to represent a gridded geologic model of 9.1 meter (30 ft), could grossly overestimate the 
kv/kh over this interval.   
5490 S.M. Frailey et al. / Energy Procedia 4 (2011) 5487–5494
 Frailey, Damico and Leetaru/ Energy Procedia 00 (2010) 000–000 5
Table 3: The affect of averaging type and thickness on the averaged vertical permeability. 
Core* kh kv-arth
3.8 cm (1.5 in) 
kv-har
9.1 m (30 ft) 
kv/kh
3.8 cm (1.5 in) 
kv/kh
9.1 m (30 ft) 
1952-1961 m (6404-6433 ft) 3.3 × 10-12  cm2
(0.33 mD) 
3.1 × 10-13  cm2
(0.031 mD) 
1.1 × 10-13  cm2
(0.011 mD) 
1.0 0.033 
2058-2066 m (6751-6779 ft) 2.3 × 10-11  cm2
(2.3 mD) 
9.3 × 10-12  cm2
(0.94 mD) 
3.0 × 10-12  cm2
(0.30 mD) 
0.55 0.13 
All 1.2 × 10-11  cm2
(1.2 mD) 
4.2 × 10-12  cm2
(0.43 mD) 
1.9 × 10-13  cm2
(0.019 mD) 
0.76 0.016 
*Does not include 10 ft of whole used for whole core analyses 
4.4.2. Core permeability-log porosity transform 
Depth shifting of the core to the log was done, but very little shifting was required.  The core and log porosity 
compared well and no transform was necessary.  The sidewall core data was curve-fit using both Ordinary Least 
Square (OLS) regression and Reduced Major Axis (RMA) regression to transform log10 core permeability with core 
porosity (Figure 2).  A large data scatter was present for a single line correlation.  Consequently, the data was 
grouped according to a visual grain size description from the core analyses.  Fine, medium and coarse grain were 
used; two additional transforms were placed between the other three trends that represented fine-medium and 
medium-coarse (Figure 2).   
While these five transforms better represent the data present, multiple transforms created the problem of choosing 
the specific transform to use based on a well log response.  Porosity and permeability relationships are based on 
different attributes such as grain size, packing and sorting.  Several log attributes were used to select a transform: 
volume of shale (gamma ray log), pore size (magnetic resonance), and cementation exponent ‘m’ (resistivity).  
Archie’s cementation exponent reflects the ratio of pore throat area to pore body area (Adisoemarta, et al., 2001).  
The cementation exponent ‘m’ 
was calculated using a 
temperature corrected water 
resistivity measurement from a 
downhole sample and the deep 
resistivity log and neutron-
density porosity.  A histogram of 
‘m’ was made and groupings 
were chosen to represent each 
porosity-permeability transform.  
Changes were made in the range 
of the ‘m’ groupings to get the 
best representation of 
transformed permeability with 
the core permeability.   
The permeability log from this 
transform is shown in Figure 3 
with the core permeability.  The 
yellow line represents the 
average of the permeability 
values from the transform at 4.6 
m (15 ft) intervals.   
Figure 2:  Core absolute permeability-porosity transform based on grain size.   
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5. Geologic Model Validation 
5.1.1. Pressure Transient Test Descriptions 
Three pressure falloff (PFO) tests of varying duration were conducted in September and October of 2009 as part 
of the initial completion of ADM CCS #1.  After the interval of 2141-2149 m (7025-7050 ft) was perforated,  
injection of water treated with a clay-stabilizing potassium chloride substitute was injected at 0.24 to 0.32 m3/min  
(1.5 to 2.0 barrels per minute (bpm)) for nearly two hours (hrs).  A 19.5 hour PFO followed this injection period.   
After this test, these perforations were acidized and a step rate test was conducted.  Following the step-rate test, a 
five hour injection period at 3.1 bpm preceded the second PFO, which was about 45 hrs.   
The third PFO test followed the addition of 9.14 m (30 ft) of perforations from 2128-2137 m (6982-7012 ft) and a 
second acid treatment.  The injection of water preceding this test increased from 0.49 to 0.67 m3/min (3.1 to 4.2 
bpm) over 6.5 hrs; 0.67 m3/min (4.2 bpm) was continued for another 6.5 hrs before the fall off tests.  The third and 
final PFO test was 105 hrs.   
5.1.2. Pressure Transient Analyses  
During the first PFO, because only 7.6 m (25 ft) of perforations were open in a very large vertical formation 
(gross thickness 458.7 m, 1505 ft), a partial penetration or partial completion effect was expected.  The derivative of 
the falloff illustrated the partial penetration effect (Figure 4).  Two radial responses (horizontal derivative) were 
measured during this test between 0.1 and 1 hrs (PPNSTB) and 20 to 100 hrs (STABIL).  The first period 
corresponds to radial flow across the perforated interval; the second period corresponds to the pressure response 
across a larger thickness that would be between two much lower permeability sub-units.  The transition between the 
two radial responses (SPHERE) is a spherical flow period that is influenced by vertical permeability (or kv/kh).
The derivatives of the three pressure falloff tests were overlain (Figure 5).  The data between 0.1 and 1.0 hrs 
match relatively well and the data between 1.0 and 100 hrs match very well.  Similar trends of the first radial period, 
transition and final radial period indicates that the second set of perforations did not change the permeability 
estimated from the pressure transient tests. As such the subsequent pressure transient analyses used a single layer, 
partial penetration model with 7.62 m (25 ft) of perforations open at the base of the layer.   
5.1.3. Comparison of Pressure Transient, Core, and Log Analyses 
Simulation of the pressure transient data using analytical solutions gave a permeability of 1.83 × 10-9 cm2 (185 
mD) over 23 m (75 ft) of vertical thickness.  The transition period gave a vertical perm over the 22.86 meters (75 ft) 
as 2.42 × 10-11 cm2 (2.45 mD) (kv/kh = 0.01326).  The permeability derived from core and well log analyses using the 
transforms based on the cementation exponent gave 1.80 × 10-9 cm2 (182 mD) average permeability over this 22.86 
m (75 ft) of vertical thickness.  Using a kv/kh of 0.85 on 0.5 ft log interval, the harmonic mean of the vertical perm 
from the porosity-perm transform was 2.40 × 10-11 cm2 (2.43 mD).  At about 2125-26 (6972-76 ft), there is a 1.8 m (6 
ft) thick low porosity zone (12%) that has a core plug with horizontal permeability of 8.5 × 10-14 cm2 (0.0086 mD).  
Assuming that this lower permeability zone is laterally extensive, a zone thickness of about 23.77 m (78 ft) is 
estimated. 
Table 4: Comparison of horizontal and vertical permeability and net thickness from core and well log transform and pressure 
transient analysis. 
  Log / Core PTA 
kh,  1.80 × 10
-9 cm2
(182 mD) 
1.83 × 10-9 cm2
(185 mD) 
kv,  2.40 × 10
-11 cm2
(2.43 mD) 
2.42 × 10-11 cm2
(2.45 mD) 
h  23.8 m (78 ft) 22.9 m (75 ft) 
The pressure transient tests agreed extremely well with the geologic model developed using porosity-perm 
transforms of the core data and the selection of the transform based on the calculated cementation exponent, m.   
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Figure 5: Overlay of pressure derivative of the 
three pressure falloff tests.  The Green curve 
(upper pressure curve and bell shaped derivative) 
is the first falloff which had perforated interval of 
2141-2149 m (7025-7050 ft).  The pink (lower 
derivative curve) is the second falloff which was 
the same perforated interval but had a modest acid 
treatment prior to the falloff.  The dark blue (lower 
pressure curve middle derivative curve) was the 
third falloff tests which had perforated interval of 
2128-2137 m (6982-7012 ft) and 2141-2149 m 
(7025-7050 ft) and a second acid treatment over 
both perforated intervals.  The difference between 
the green curve and the pink curve in the first 6 
minutes is a result in the improvement to flow due 
to the acid treatment. 
6. Conclusions  
A single transform between core porosity and core permeability was ineffective, and multiple transforms based 
on grain size were required.  A unique method (Archie’s exponent ‘m’) was used to select the grain-size dependent 
transform from the well log porosity.  For the core data available, there was good agreement between core, logs, and 
pressure transient tests.  The water injection tests were successfully used to validate geologic model of injection sub-
zone in the lower part of the Mt. Simon.   
 Reservoir simulations of plume distribution in relative thick zones are highly dependent on the characterization 
of the kv/kh ratio.  This will be even more dramatic for geologic models that include geostatistically lateral 
heterogeneity with variations in kv/kh horizontally and vertically.  In thick formations, seemingly large cored 
intervals are very small.  
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Figure 4:  Derivative analyses of final pressure 
falloff test.  Radial pressure response is indicated 
by a horizontal derivative trend.  Two were 
measured during this test between 0.1 and 1 hours 
(PPNSTB) and 20 to 100 hours (STABIL).  The 
first period corresponds to radial flow across the 
perforated interval; the second period corresponds 
to the larger thickness that would be between two 
much lower permeability sub-units e.g, the low 
perm granite wash at the base.  The transition 
between the two radial responses (SPHERE) is a 
spherical flow period that is influenced by vertical 
permeability (or kv/kh).
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